Introduction {#s0005}
============

Wilms\' tumor (WT), a pediatric tumor of the kidney, is the second most common cancer of children, accounting for approximately 6% of all childhood cancers [@bb0005]. While there has been slight improvement in the prognosis of WT in recent years, 10% of patients with WT still experience disease recurrence, and many of those die of their disease. Thus, the development of new, more effective approaches to treat this lethal malignancy is of considerable interest. Though mutations in WT1 and β-catenin are known to be involved in Wilms\' tumorigenesis [@bb0010], the exact molecular pathogenesis of this cancer is unclear. Elucidation of these mechanisms will substantially improve our understanding of the pathways involved in WT tumorigenesis and aid in the development of more effective therapies.

There has been increasing awareness and emphasis on the role of the tumor microenvironment in tumorigenesis and, potentially in cancer therapy. It is now believed that characterizing the components within the tumor microenvironment that are involved in tumor growth and progression and the pathways that regulate them will lead to identification of novel prognostic markers and tumor-associated therapeutic targets. Though the relationship between chronic inflammation and cancer and the components of inflammation that are responsible for tumor development have been reported in various cancers, no information is available on the role of these critical components in WT development. To do this, we previously defined and characterized the inflammatory microenvironment in human WT where we have observed the robust expression of inflammatory marker Cyclooxygenase-2 (COX-2) [@bb0015] in almost all the tumors we have analyzed (3). Our purpose in the current study is to extend those studies to analyze the contribution of the microenvironment in particular, the role of COX-2 and its pathway components in WT progression using a mouse model of Wilms\' tumor in detail. We thus characterized the tumor microenvironment in a mouse model of WT that was generated in our laboratory by *Wt1* ablation and *Igf2* up regulation [@bb0020]. In these mouse tumors and in littermate control kidney tissues, we evaluated and defined the expression of various inflammatory markers by immunohistochemical (IHC) analysis; isolated and identified the inflammatory cells regulated by the cyclooxygenase-2 (COX-2) pathway by flow cytometry; and quantified expression of various inflammatory chemokines, chemokine receptors, and inflammatory cytokines by quantitative polymerase chain reaction (qPCR) and other methods. Our results indicated that the WT tumor microenvironment is enriched with immunosuppressive inflammatory cells, trafficking of which is regulated by COX-2. The important role of these inflammatory cells in creating immunosuppressive tumor microenvironment and the role of COX-2 in immunosuppressive immune cell production and trafficking are also elucidated. This new understanding of the mechanisms underlying WT progression will be useful in planning for the use of specific inhibitors to treat these tumors.

Materials and Methods {#s0010}
=====================

Animal Experiments {#s0015}
------------------

All animal experiments were approved by the Institutional Animal Care and Use committee of The University of Texas MD Anderson Cancer Center. *Wt1* was inactivated mosaically or almost completely in *Wt1−/flCre-ER* embryos by in utero treatment of pregnant mice with tamoxifen (1 mg/40 g body weight) at E11.5. This treatment resulted in Cre-recombinase activity in approximately 5--10% of cells. All embryos carried a maternally inherited *H19*^*−*^ allele that results in up regulation of *Igf2* as a result of loss of imprinting and biallelic expression of *Igf2.*

Human Tissue Samples {#s0020}
--------------------

Human WT tissues and autologous normal kidney specimens were obtained from 16 WT patients aged 7 to 66 months at the time of diagnosis. Eight of the patients were males and eight were females, and one patient had bilateral disease. Of these 16 patients, 4 were at stage. IV, 4 were at stage III, 3 were at stage II, and 5 were at stage I of WT disease. Informed consent was obtained from each patient\'s parent or guardian. Studies were approved by the Institutional Review Board and in accordance with an assurance filed with and approved by the US Department of Health and Human Services.

Immunohistochemical Analysis of Inflammatory Markers {#s0025}
----------------------------------------------------

### Tissue processing {#s0030}

Tumor tissues and control kidney samples were collected from mice and fixed in 10% neutral-buffered formalin. After 12--16 hours, formalin was replaced with 70% ethanol; the samples were subjected to dehydration by a series of graded alcohols and xylene and then embedded in paraffin. The tissues were then cut in 5-μm sections using a Leica 2135 microtome.

### Analysis {#s0035}

Sections were deparaffinized and used for Hematoxylin and Eosin staining and IHC analysis of various markers. The paraffin-embedded tissue sections from mice and humans were deparaffinized in xylene, rehydrated sequentially in a graded series of ethanol\'s (100, 90, and 70%), and placed into 1% phosphate-buffered saline solution (PBS; pH 7.4). The epitope retrieval was performed by heating for 45 minutes in 1 mM Tris EDTA pH 9.0 buffer in a water bath at 95--100°C for COX-2 and hypoxia-inducible factor 1-alpha (HIF-1α), in 10 mM Tris+ 0.5 mM EGTA pH.9.0 buffer for phospho-ERK1/2, and in 1 mM EDTA pH 9.0 buffer for p-STAT3. The sections were cooled at room temperature in the buffer for 1 hour, washed three times with 1× PBS for 5 minutes/wash, and incubated with 10% normal serum to block nonspecific protein binding. Expression of inflammatory markers was detected by applying the following antibodies: polyclonal goat anti--mouse/human COX-2, 1:100 dilution (Santa Cruz Biotechnology SC-1747); polyclonal rabbit anti--mouse/human HIF-1α, 1:100 dilution (Novus Biologicals NB100--479); monoclonal rabbit anti--mouse/human phospho-p44/42 ERK1/2, 1:100 dilution (Cell Signaling Technology Cat \#4376); and rabbit monoclonal anti--mouse/human phospho-STAT3 (Cell Signaling Technology Cat \#9145); sections were incubated in 2.5% appropriate normal serum overnight at 4°C in a humidified chamber. The sections were then washed three times with 1× PBS (10 minutes/wash) and incubated with the appropriate secondary antibody IgG (H + L) solution (biotinylated goat anti-rat IgG 1:500, biotinylated goat anti-rabbit IgG 1:500, biotinylated goat anti-mouse IgG 1:500, or biotinylated rabbit anti-goat IgG 1:500, respectively) in 2.5% normal serum for 1 hour at room temperature. An optimized control-positive tissue section and a negative control section for endogenous staining by omission of the primary antibody were included with every immunostaining batch. The bound positive cells were detected by applying the Vectastain Elite ABC reagents (Vector Laboratories, Inc., Burlingame, CA) and avidin DH: biotinylated horseradish peroxidase H complex with 3, 3-diaminobenzidine (Vector Laboratories, Inc.) and counterstaining with Mayer hematoxylin (Fisher Scientific, Fair Lawn, NJ). Images were captured by an Olympus BX60 microscope.

Flow Cytometry {#s0040}
--------------

### Single cell preparation {#s0045}

To prepare single-cell suspensions from tumors and control kidneys for flow cytometry analysis, tumors and normal kidneys were cut, washed with RPMI medium to remove blood, and weighed. Tissues were minced and digested with 10 mL of digestion medium (Type IV Collagenase 1 mg/mL in RPMI 1640 medium) by incubating the fragments for 30 minutes \[Sigma-Aldrich, St. Louis, MO\] in 100-mL conical trypsinization flasks with tumor digestion media. During this incubation, the tissues were subjected to continuous shaking with intermittent pipetting up and down and then were filtered through a 70-um nylon Falcon filter (BD Biosciences, San Jose, CA). The filtrates were subjected to centrifugation at 4°C at 1500 rpm for 5 minutes. Pellets were resuspended in ice-cold 1× PBS, and the resulting single-cell suspensions were treated with Pharm Lyse ammonium chloride lysing reagent (BD Biosciences) for less than a minute to remove erythrocytes. The pellet was resuspended in 5 mL of a solution of 0.1% fetal bovine serum (FBS) in 1× PBS and subjected to centrifugation at 1500 rpm for 5 minutes at 4°C, after which the supernatant was aspirated carefully without touching the pellet. Finally, the cells were resuspended in 5--10 mL of the 1× PBS+ 0.1% FBS medium and counted by using a hemocytometer; aliquots of approximately 1 million cells were stained for flow cytometry.

### Reagents and antibodies {#s0050}

Monoclonal antibodies CD3e-ApcCy7, CD45-PerCPCy5.5, Gr1-APC, CD8-PECy7, CD25-FITC, CD11b-FITC, CD11C-PE, B220-PB, and NK1.1-PE were purchased from BD Biosciences. Foxp3-APC and F4/80-PE were purchased from eBioscience and CD4-PO and calcein violet from Invitrogen.

### Analysis {#s0055}

A master mixture was prepared in two sets, each containing a mixture of different antibodies ([Supplementary Table 1](#ec0010){ref-type="supplementary-material"}). All antibodies were prepared in 1:100 dilutions. The antibody mixtures were suspended in ice-cold 1× PBS with 1% bovine serum albumin (BSA). The master mix (100 μL) was added to the prepared cells, which were incubated on ice for 1 hour with gentle shaking. The cells then were washed two or three times with ice-cold 1× PBS+ 1% BSA buffer and resuspended in 100 μL of washing buffer. The antibody mixture also contained live and dead fixable aqua (Molecular Probes, Cat \#L34957) to discriminate between viable and dead cells.

Flow cytometry data were acquired on a FACSCalibur using CellQuestPro software (BD Biosciences) and analyzed by using FlowJo software (Tree Star, Inc.). Gates were set by using negative controls, and positive populations were corrected by subtraction of background and nonspecific binding of the antibody.

### T-helper cell (Th) response analysis {#s0060}

After single cell preparation from the tumor cells as well as control kidneys as described above, CD4 + T cells isolated and were differentiated into Th1, Th2, and Th17 lineages. For intracellular cytokine analysis, cells were restimulated with 500 ng/ml of ionomycin and 50 ng/ml of PMA in the presence of Golgi Stop (BD Pharmingen) for 5 hr. Cells were then permeabilized with Cytofix/Cytoperm Kit (BD PharMingen) and analyzed for the expression of IL-4,IL-5,IL-9,IL-13, IL-17A or IFN-g (BD Pharming) by FACSCalibur analysis.

### Cells {#s0065}

M15 mouse mesonephric cells which are known to express high amount of WT1 m-RNA as well as protein were maintained as previously described. [@bb0025].

### SiRNA knockdown of Wt1 {#s0070}

Knockdown of *Wt1* in mouse mesenchymal cell line M15 was performed by transfection of scrambled *Wt1* siRNA (ON-TARGET plus SMARTpool duplex, Dharmacon) using media supplemented with 10*μ*L of HyperFect Transfection Reagent (Qiagen). Cells were plated into 6 well plates at 8×10^4^ cells per well and allowed to grow overnight before adding 50 nm siRNA. Following 24 hours of *Wt1* siRNA treatment, RNA and protein lysates were collected and analyzed.

Reverse-phase Protein Analysis {#s0075}
------------------------------

Selected cancer-related proteins were quantified by reverse-phase protein analysis (RPPA) in M15 cells treated with the siRNA for WT1 as previously described [@bb0030]. Briefly, protein extracts were prepared from M15 cells with and without WT1 knockdown. Protein extracts were quantified, denatured, and subjected to 50- to 60-fold serial dilutions. The samples were then arrayed on multiple slides along with positive and negative controls prepared from mixed cell lysates or dilution buffer. Each slide was primary antibody validated with respect to specificity, reproducibility, high dynamic range of the assay, correlation with Western blotting data, etc., and with a biotin-conjugated secondary antibody. After staining, slides were scanned, and spot intensities were analyzed, quantified, and normalized. Heat maps were generated from log~2~ median--centered data by the Cluster algorithm [@bb0035].

Quantitative Polymerase Chain Reaction Analysis of Inflammatory Cytokines {#s0080}
-------------------------------------------------------------------------

### RNA preparation {#s0085}

RNA samples were prepared with the total-RNA Easy Mini Prep kit (Qiagen, Hilden, Germany) with a DNase step, according to the instructions of the manufacturer.

### Real-time PCR {#s0090}

For quantitative real-time PCR, 1 μg of total RNA was reverse-transcribed in 50 μL of TaqMan reverse transcription reagents (Applied Biosystems) using random hexamer primers. cDNA (2 μL) and the real-time PCR primers (1 μM) were used in a final 20 μL qPCR reaction with a SYBR-green master mix (Applied Biosystems). The real-time primers were purchased from Sigma-Aldrich. The sequences of the various primers are shown in [Supplementary Table 2](#ec0015){ref-type="supplementary-material"}, [Supplementary Table 3](#ec0020){ref-type="supplementary-material"}. Real-time qPCR was performed in an ABI-Prism7900 sequence detection system. Data were analyzed by the comparative Ct method; the expression of the target genes was normalized to *Gapdh* as an endogenous control and is displayed as fold-change relative to a common reference value, which had the highest relative Ct (ΔCt) and whose expression level was designated as 1. Data are representative of tumor tissues or normal controls kidneys isolated from three to five different mice for each genotype.

Statistical Analysis {#s0095}
--------------------

Data from different groups were compared by using the Mann--Whitney U test. A difference was considered significant if the *P* value was less than .05. Data are presented as mean ± standard error of the mean (SEM).

Results {#s0100}
=======

Wt1-Igf2 Mutant Mice Developed Large Tumors But Not Controls {#s0105}
------------------------------------------------------------

*Wt1-Igf2* mutant mice developed tumors with very high frequency (100%) and with splenomegaly compared to littermate controls. Palpable tumors were noted in all mutant mice, but not in controls, beginning at about 10 weeks of age ([Figure 1](#f0005){ref-type="fig"}, *A* and *B*). Mutant and control mice were euthanized at around 3 months of age and their tumors and kidneys collected and processed for further analysis. Tumor bearing kidneys were typically 10-fold larger in size and weight than littermate control kidneys ([Figure 1](#f0005){ref-type="fig"}*B*). Most of the tumor bearing mice (83% of the mice, 15 out 18 mice) also showed splenomegaly ([Figure 1](#f0005){ref-type="fig"} *B*&*C*) with almost 5 fold increases in spleen size.Figure 1Wt1-Igf2 mice developed tumors at 3--4 months age. *Wt1-Igf2* mutant mice developed tumors with very high frequency (100%) compared to littermate controls. Palpable tumors were noted in all mutant mice (1B), but not in controls (1A), beginning at about 10 weeks of age. Tumor bearing kidneys were typically 10-fold larger in size and weight (1B) than littermate control kidneys (1A). The mutant mice showed the tumor histology (1B) with typical blastema, epithelia and stroma whereas control kidneys showed normal histology (1A) with H&E staining. Most of the mutant mice also showed splenomegaly (1B). Spleens of the tumor bearing mice were significantly larger than their litter mate controls by size (1B) and weight (1C).Figure 1

Up-Regulation of COX2 in the Tumor Microenvironment {#s0110}
---------------------------------------------------

The IHC examination of COX-2 in mouse tumor tissues ([Figure 2](#f0010){ref-type="fig"}, *A* and *B*) was consistent with our findings in human tumors as reported previously [@bb0015]. All mouse tumors showed robust expression of COX-2 ([Figure 2](#f0010){ref-type="fig"}*B*) compared to control kidneys ([Figure 2](#f0010){ref-type="fig"}*A*). In addition, RPPA analysis of mouse mesenchymal cells (M15) in which WT1 was knocked down revealed up regulation of COX-2 ([Figure 2](#f0010){ref-type="fig"}*E*). Both of these observations suggest that the COX-2 pathway may be activated when the *Wt1* gene is ablated.Figure 2Cox-2 was overexpressed in tumor tissues and upregulated in M15 cell line after Wt1 knockdown.Immunohistochemical analysis of control kidneys from mouse (2A) and tumors (2B) showed robust expression of inflammatory marker COX2 with minimal expression in tubules of the control kidneys (2A). This COX2 expression was similar to human normal kidneys (2C) and tumors (2D) respectively. RPPA analysis of mouse mesenchymal cells (M15) in which WT1 was knocked down revealed up regulation of COX-2 (2E) (marked with orange rectangular box). The expression of these genes in each compartment is visualized as heat map. Red indicates up-regulated genes and green indicates down-regulated genes.Figure 2

Expression of Downstream Targets of Cox2 Pathway Components in the Tumor Microenvironment {#s0115}
-----------------------------------------------------------------------------------------

To further demonstrate the activation of this pathway, the downstream targets of the COX-2 pathway were also evaluated by IHC. The results showed that HIF-1α was overexpressed in mouse tumors in a manner spatially similar to COX-2 ([Figure 3](#f0015){ref-type="fig"}, *A*--*C*) and similar to that in human tumors ([Figure 3](#f0015){ref-type="fig"}, *D*--*F*). HIF-1α also may be activated through the MAPK pathway; our IHC analysis showed the induced expression of MAPK (p-ERK1/2) in mouse tumors stroma ([Figure 3](#f0015){ref-type="fig"}, *G*--*I*), which was consistent with that noted in human tumors ([Figure 3](#f0015){ref-type="fig"}, *J*--*L*).Figure 3HIF 1 alpha and pERK1/2 expression in mouse and human tumors.To demonstrate the activation of COX2 pathway, its downstream targets HIF-1 α and MAPK (p-ERK1/2) were evaluated by IHC. HIF-1α was overexpressed in mouse tumors (3B and 3C) compared to control kidneys (3A) and similar to human tumors (3E and 3F) and normal kidneys (3D) respectively. Similarly, MAPK (p-ERK1/2) expression in mouse tumors (Figs. 3G-I) was consistent with the human tumors (Figs. 3J-L).Figure 3

Increased Infiltration of Immunosuppressive Immune Cells in Tumor Microenvironment {#s0120}
----------------------------------------------------------------------------------

Further characterization of the microenvironment of mouse tumors for various inflammatory cells by flow cytometry revealed significantly greater infiltration of immunosuppressive pDCs in tumors than in controls ([Figure 4](#f0020){ref-type="fig"}, *A* and *B*). The infiltration of pDCs into the tumor microenvironment may have been the mechanism underlying up regulation of the immunosuppressive enzyme indolamine 2, 3-dioxygenase (IDO), which suppresses the function of other immune cells ([Figure 4](#f0020){ref-type="fig"}, *C* and *D*).Figure 4Mouse tumors were infiltrated with immunosuppressive plasmacytoid dendritic cells (pDCs). Flow cytometry analysis of littermate control kidneys (4A) and mouse tumors (4B) showed significantly greater infiltration of immunosuppressive pDCs in tumors (4B) than its littermate control kidneys (4A). To elucidate the underlying mechanism of pDCs infiltration, an immunosuppressive enzyme indolamine 2, 3-dioxygenase (IDO) was analyzed by Q-PCR with IDO specific primers, which was shown to be upregulated in the tumors compared to controls (4D). All data are shown as mean ± SEM, n = 5--6 mice/group (\*\*\* *P*\< .001, \*\* *P*\< .01).Figure 4

In general, pDCs recruit other immunosuppressive immune cells, the Tregs (CD4^+^CD25^+^FoxP3^+^). Our analysis showed significantly greater infiltration of Treg cells in tumors than in control kidneys ([Figure 5](#f0025){ref-type="fig"}, *A*--*C*). Furthermore, expression of Fox-3, an important regulator of Tregs, was increased in tumor cells compared to littermate control kidneys, as shown by immunofluorescence imaging ([Figure 5](#f0025){ref-type="fig"}*D*). This comprehensive analysis of WT and adjacent normal kidneys by various methodologies strongly suggests the immunosuppressive effect of the tumor microenvironment in WT tumorigenesis. Though there is a significant difference in size and weights of spleens of control mice and tumor bearing mice, interestingly there was no significant change in the immune cell composition of spleens were observed. The flow cytometric analysis data is shown in supplementary Figs. 1 and 2.Figure 5Increased infiltration of immunosuppressive T regulatory cells in mouse tumors. Analysis of tumors by flow cytometry showed significantly greater infiltration of Treg cells in tumors than in control kidneys (5A-C). Expression of Foxp3, an important regulator of Tregs, was increased in tumor cells (Figure 5D) compared with control kidneys by immunofluorescence analysis. All data are shown as mean ± SEM, n = 5--6 mice/group (\*\*\* *P*\< .001, \*\* *P*\< .01).Figure 5

Immunosuppressive Cytokines are Secreted in the Tumor Microenvironment {#s0125}
----------------------------------------------------------------------

Infiltration of immunosuppressive inflammatory immune cells in the tumor microenvironment would be expected to induce immunosuppressive chemokines (or vice versa), so we investigated the expression of various inflammatory chemokines and cytokines in the tumor microenvironment with specific primers ([Supplementary Table 2](#ec0015){ref-type="supplementary-material"}) by qPCR. As we anticipated, expression of immunosuppressive cytokines such as interleukin-10 (IL-10), transforming growth factor beta (TGF-β), and tumor necrosis factor alpha (TNF-α) was upregulated ([Figure 6](#f0030){ref-type="fig"}, *A*--*C*). However, the expression of various other proinflammatory cytokines was not changed in the tumor microenvironment, such as IL-1β, IL-4, and IL-6 ([Figure 6](#f0030){ref-type="fig"}, *D*--*F*). Other cytokines such as IL-8, IL-12, and IL-23 were also expressed to significantly greater levels in the tumor tissues than in the control kidneys.Figure 6Tregs may induce the secretion of immune suppressive cytokines. Q-PCR analysis of immunosuppressive cytokines such as interleukin-10 (IL-10) (6A), transforming growth factor beta (TGF-β) (6B), and tumor necrosis factor alpha (TNF-α) (6C) were increased in tumors compared to controls. Other proinflammatory cytokines IL-1 β, IL-4, and IL-6 (Figs. 6D-F) were not significantly upregulated, but IL-8 (6G), IL-12(6H), and IL-23 (6I) were expressed at significantly greater levels in the tumor tissues than in the control kidneys. All data are shown as mean ± SEM, n = 3--4 mice/group (\*\*\* *P*\< .001, \*\* *P*\< .01).Figure 6

Chemotactic Chemokines Responsible for Immunosuppressive Inflammatory Cell Infiltration are Expressed in the Tumor Microenvironment {#s0130}
-----------------------------------------------------------------------------------------------------------------------------------

To further elucidate the mechanisms involved in the recruitment of the immunosuppressive immune cells in the tumor microenvironment, we analyzed various chemotactic chemokines and their receptors specific for these immune cells with chemokine specific primers ([Supplementary Table 3](#ec0020){ref-type="supplementary-material"}). Expression of chemotactic chemokines such as CCL3, CCL4, and CCL5, specific for CCR5 chemokine receptor ([Figure 7](#f0035){ref-type="fig"}, *A*--*C*); CCL17 and CCL22, specific for CCR4 chemokine receptor ([Figure 7](#f0035){ref-type="fig"}, *D* and *E*); and CCL20, specific for CCR6 receptor ([Figure 7](#f0035){ref-type="fig"}*F*), which are known to be responsible for Treg cell recruitment, were increased in the tumors. The pDC-specific chemokine CXCL12, a ligand for CXCR4, was also up-regulated in the tumors ([Figure 7](#f0035){ref-type="fig"}*G*). These data suggest that infiltration of Tregs and pDCS into the tumor microenvironment was dependent most specifically on CCR5 and CXCR4, respectively ([Figure 9](#f0045){ref-type="fig"}).Figure 7Chemokines specific for Tregs and p-DCs recruitment were upregulated. The chemotactic chemokines specific for pDCs and Treg recruitment were analyzed by Q-PCR. Expression of chemotactic chemokines such as CCL3, CCL4, and CCL5, specific for CCR5 chemokine receptor (7A-C); CCL17 and CCL22, specific for CCR4 chemokine receptor (7D and 7E); and CCL20, specific for CCR6 receptor (7F), which are known to be responsible for Treg cell recruitment, were increased in the tumors. The pDC-specific chemokine CXCL12, a ligand for CXCR4, was also upregulated in the tumors (7G). All data are shown as mean ± SEM, n = 3--4 mice/group (\*\*\* *P*\< .001, \*\* *P*\< .01).Figure 7

Role of COX2 in inflammatory immune cell recruitment {#s0135}
----------------------------------------------------

COX-2 has been implicated in Treg trafficking and production. It also is known to activate p-STAT3, and we speculated that this may be a mechanism underlying the Treg induction and infiltration and thus creation of the immunosuppressive tumor microenvironment we observed in WT. To test this, we analyzed p-STAT3 expression in mouse tumors ([Figure 8](#f0040){ref-type="fig"}, *A* and *B*) by IHC and the human tumors by IHC ([Figure 8](#f0040){ref-type="fig"}, *C* and *D*) and RPPA ([Figure 8](#f0040){ref-type="fig"}*E*). The more abundant expression of p-STAT3 in both mouse and human tumors than in control tissues provides evidence for a role of COX-2 in promoting the immunosuppressive microenvironment.Figure 8Increased p-Stat3 expression in mouse and human tumors. We performed immunohistochemical analysis of p-STAT3 expression in mouse control kidneys (8A), mutant tumors (8B), human control kidney (8C) and human tumors (8D). Increased expression of p-STAT3 in tumors than in control kidneys was observed, and RPPA (8E) analysis of human tumors also showed upregulated expression of STAT3 (marked with orange rectangular box). The expression of these genes in each compartment is visualized as a heat map. Red indicates upregulated genes and green indicates down-regulated genes.Figure 8

More pronounced Th2 and treg induced cytokine response in the tumor microenvironment than Th1 response {#s0140}
------------------------------------------------------------------------------------------------------

T-helper cell (Th) response analysis in the mouse tumors showed that the Th2 response was greater than the Th1 and Th17 responses ([Figure 10](#f0050){ref-type="fig"}, *A* and *B*). The qPCR analysis showed that the inflammatory cytokines responsible for the Th2 response ([Figure 6](#f0030){ref-type="fig"}, *D*--*I*) and the Treg response ([Figure 6](#f0030){ref-type="fig"}, *A*--*C*) were also up-regulated. This suggests that Treg-induced cytokines as well as Th2 induced cytokines may be more important than Th1 response in creating the immunosuppressive microenvironment.

Discussion {#s0145}
==========

It is well known that dysregulated or altered signaling pathways are the major cause of cancer development, including WT. COX-2, an isoform of the enzyme cyclooxygenase, is induced by various cytokines, mitogens, and growth factors [@bb0040]. COX-2 has been reported as a therapeutic target in various tumors and tumor models [@bb0045], [@bb0050], [@bb0055] because of its expression in tumors as well as premalignant lesions. Since COX-2 possesses antiapoptotic [@bb0060], [@bb0065] and proangiogenic properties [@bb0070], [@bb0075], its induction in the tumor microenvironment or precancerous cells has a potential role in promoting tumor growth.

The study presented here found that COX-2 was overexpressed in all the mouse tumors and its expression was similar to that in human WTs. Moreover, COX-2 expression was localized to tumor stroma and other components of tumor, as normal kidney samples showed only weak to moderate staining in the cytoplasm of some tubular epithelial cells and very weak or no staining in renal interstitial cells or glomeruli, which is normal. These observations point toward activation of the COX-2 pathway in WT pathogenesis. Various mechanisms may underlie, individually or in combination, the upregulation and activation of COX-2. First, the infiltrating immune cells themselves could be overexpressing COX-2. Second, tumor fibroblasts could be generating COX-2 in the tumor microenvironment. Third, COX-2 expression in these tumors may be induced by the fetal mitogen IGF2 via the Ras/Raf/MEK/ERK pathway, which has been reported in human keratinocytes [@bb0080].

To further confirm the activation of the COX-2 pathway in the tumor microenvironment, we analyzed the expression of downstream targets of the pathway. Both HIF-1α and p-ERK1/2, which are downstream targets of the COX-2 pathway, were overexpressed in the mouse tumors, a finding consistent with our previous report that both were upregulated in human WTs [@bb0015]. This overexpression of p-ERK1/2, which may be due to increased IGF2 expression, suggests a role of ERK signaling in WT development. The robust expression of COX-2 and pERK1/2 in these tumors further suggests that one consequence of IGF2 overexpression in WT is COX-2 up regulation and promotion of an inflammatory microenvironment, which may be mediated by enhanced ERK signaling.

In tumor analysis by flow cytometry, the tumor-associated pDCs (CD11c^+^/B220^+^) were significantly upregulated in the tumor compared to control kidneys. These pDCs induce IL-10--producing Tregs and secretion of various immunosuppressive soluble factors, proinflammatory chemokines, and cytokines, thereby leading to immunosuppression-mediated tumor progression. In a second panel of immune cell analysis done to verify the infiltration of IL-10--producing Tregs, we were able to see increased infiltration of inflammatory CD4^+^/CD25^+^/Foxp3^+^ Treg cells. As we anticipated, immunosuppressive cytokines such as IL-10, TGF-β, and TNF-α also were upregulated, as were various other proinflammatory cytokines such as IL-8, IL-12, and IL-23, in the tumor microenvironment. This up regulation of proinflammatory factors may have been due to the increased immune cell infiltration and would have further aggravated tumor growth. Expression of another important immunosuppressive soluble inflammatory factor produced by pDCs, IDO [@bb0085], was also increased in the tumors. The intracellular enzyme IDO and increased infiltration of pDCs in the tumor microenvironment has been reported in various cancers [@bb0090], [@bb0095], [@bb0100]. It has been reported that pDC infiltration into solid tumors reduce the induction of T-cell activation [@bb0105] or infiltration of IL-10--producing CD4^+^/CD25^+^ Tregs that inhibit antitumor immunity [@bb0110], [@bb0115]. These tumor-associated pDCs are defective in IFN-γ production but instead secrete immunosuppressive soluble factors responsible for tumor progression [@bb0120].

It is speculated that trafficking of various inflammatory cells into the tumor site occurs through selective migration and an accumulative retention system or a chemotactic response. Current data suggest that the capacity of Treg cells and pDCs to migrate into the tumor site is controlled by the chemokine/chemokine receptor system. Interestingly, CCR4, CCR5, and CCR6 receptor-specific chemokines were upregulated in the tumors compared to control kidneys. It has been reported that Tregs express CCR4, CCR5, and CCR6 chemokine receptors [@bb0125], [@bb0130], [@bb0135]. The chemotactic chemokines such as CCL22, specific for the CCR4 receptor; CCL3, CCL4, and CCL5, specific for the CCR5 chemokine receptor; and CCR6 receptor--specific chemokine CCL20 secreted in the tumors may have been responsible for the selective Treg recruitment observed in the tumor microenvironment ([Figure 9](#f0045){ref-type="fig"}), which results in reduced tumor-specific immunity [@bb0135]. Certainly, the expression pattern of various chemokines in the tumor microenvironment suggests an immunosuppressive milieu. We also observed increased expression of another chemokine, CXCL12, a ligand for CXCR4 that is known to be expressed by pDCs [@bb0140]. In this tumor model, tumor-derived CXCL12 may contribute to the trafficking and accumulation of pDCs in the tumor. These pDCs are ineffective in stimulation of immune responses but can induce T cell tolerance, possibly through up regulation of immunosuppressive IDO [@bb0145]. In other cancers, this IDO accumulation was attributed to CXCL-12 secreted by tumor cells [@bb0105], [@bb0150]. In this model of WT, the CXCL12/CXCR4 axis may be responsible for trafficking of pDCs into the tumor microenvironment, where they produce IDO.Figure 9Tregs are recruited to the tumor microenvironment by chemokine and chemokine receptor signaling in a CCR5 dependent manner.Figure 9Figure 10More pronounced Th2 induced cytokine response than Th1 response in the tumors. T-helper cell (Th) response analysis by flow cytometry in the mouse tumors showed that the Th2 induced cytokine response was greater than the Th1 and Th17 responses (Figs. 10A and B). The qPCR analysis showed that the inflammatory cytokines responsible for the Th2 response ([Figs. 6](#f0030){ref-type="fig"}D-I) and the Treg response to a maximum extent ([Figs. 6](#f0030){ref-type="fig"}A-C) were also upregulated. All data are shown as mean ± SEM, n = 5--6 mice/group (\*\*\* *P*\< .001, \*\* *P*\< .01).Figure 10Figure 11Mechanism of action of COX-2 in creating immunosuppressive tumor microenvironment The upregulated COX-2 expression creates an inflammatory microenvironment in WTs which is may be mediated by enhanced p-ERK signaling leading to activation of HIF-1α target genes via p-STAT3. In another way, COX-2 can also activate the expression of HIF-1α through its enzymatic product prostaglandin E2. HIF-1α can also directly upregulate expression of COX-2 during hypoxia and thus form a feedback loop to continually activate the COX-2 pathway. Hence, it may be assumed that COX-2 affects the inflammation, hyperproliferation, and angiogenesis and immunosuppression (Tregs,PDCs) in WTs by IGF2 induced COX-2 mediated p-ERK1/2 pathway.Figure 11

It has been reported that COX-2 is responsible for an immunosuppressive network and induces Treg cell--specific transcription factor FoxP3 to increase Treg cell activity [@bb0155]. Sharma et al. showed that inhibition of COX-2 reduced Treg cell activity as well as trafficking and thereby reduced tumor burden [@bb0160]. Therefore, COX-2 expression mediates immunosuppression, and its inhibition suppresses Treg cell activity and enhances antitumor immune responses. From these results, we can predict that, in addition to chemokine-mediated chemotaxis, COX-2 also might play a significant role in Treg cell trafficking.

One mechanism for immunosuppression in the tumor microenvironment has been shown to be activation of p-STAT3 and thus induction of Treg cell infiltration [@bb0160], [@bb0165], [@bb0170], [@bb0175]. Earlier studies clearly pointed to the important roles of COX-2 in p-STAT3 activation [@bb0165] and of p-STAT3 in Treg generation [@bb0180]. The more abundant expression of p-STAT3 in both mouse and human tumors than in control kidney tissues by both IHC and RPPA analysis in this study may support a role of COX-2 in Treg cell generation and immunosuppression via STAT3 activation.

The homeostasis of the immune system for providing an antitumor response is coordinated to a large extent by cytokines produced by various CD4^+^ T helper cells such as the Th1, Th2, and Th17 lymphocyte subsets. These helper T cells also influence innate immunity by helping to shape the character and magnitude of the inflammatory response. The CD4^+^ Th1 cells produce interferon gamma (IFN-γ) and, with the help of mature DCs, type 1 natural killer T cells, CD8^+^ T cells, and other cells, mount an effective antitumor response, whereas CD4^+^ Th2 cells, in cooperation with Tregs, myeloid-derived suppressor cells, immature DCs, and other cells, suppress the antitumor response by producing inflammatory and immunosuppressive cytokines such as IL-4, IL-5, IL-6, IL-10, and IL-13, leading to tumor progression.

T-helper cell response analysis in this tumor study showed that the Th2 response in these mouse tumors was greater than the Th1 and Th17 responses. This was validated by the qPCR analysis showing that inflammatory cytokines responsible for Th2 response and Treg response were upregulated. Changes in Th1- or Th2-associated cytokines leading to decreased Th1/Th2 ratios has been reported in various cancers, such as pancreatic cancer [@bb0185], lung cancer [@bb0190], breast cancer [@bb0195], and other cancers [@bb0200]. It is evident from the literature [@bb0205] that the COX-2 in the tumor microenvironment not only induces Treg production and Treg cell trafficking but also polarizes toward Th2 helper response rather than Th1 response. COX-2 plays an important role in the shift from the Th1 profile to production of cytokines, leading to reduced activation of the antitumor response via Th2 response activation. This ability of COX-2 to suppress the immune response allows tumor cells to escape immunosurveillance, adding to the already myriad roles of the COX-2/PGE2 pathway in tumor development. Together, this evidence indicates that COX-2 may be a primary target in these tumors for regulating the immune suppression that controls immune cell trafficking by chemotaxis or activation of various immunosuppressive cytokines ([Figure 11](#f0055){ref-type="fig"}).

Conclusions {#s0150}
===========

We conclude that the COX-2 pathway is a potential beneficial target for the treatment of WT. It may be most effective as an adjuvant therapy together with other inhibitors because of the many advantages of such a regimen over irradiation, conventional cytotoxic treatment, or other novel agents used to treat WT. The youngest children with WT are particularly at risk for irreversible adverse effects from irradiation. Since ionizing radiation induces COX-2 expression, the concomitant use of agents targeting the production of prostanoids may be beneficial for patients through both improved antitumor efficacy and putative limitation of adverse long-term neurological side effects. Our current study provides a good rationale for initiating animal studies to confirm the efficacy of COX-2 inhibitors in decreasing tumor cell growth in vivo.

The following are the supplementary data related to this article.Supplementary Figure 1 Spleens of the tumor bearing mice showed with slightly increased immunosuppressive plasmacytoid dendritic cells (pDCs) but were not significant. Flow cytometry analysis of littermate control Spleens (1A) and tumor bearing mice spleens (1B) showed no significant increase in immunosuppressive pDCs than its littermate control spleens.Supplementary Figure 2: No increased infiltration of immunosuppressive T regulatory cells in tumor bearing mouse spleens than its littermate controls. Analysis of spleens by flow cytometry showed no significant difference in Treg cells in tumor bearing mouse spleens (2B) than its littermate control spleens (2A).Image 1Supplementary Table 1Two sets of immune cell staining.Supplementary Table 1Supplementary Table 2Cytokine primer sequences.Supplementary Table 2Supplementary Table 3Chemokine primer sequences.Supplementary Table 3
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